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Abstract

Seabirds – broadly defined as any bird species associated with the marine environment –
are exposed to a wide range of environmental contaminants. Vectors of exposure to metal
pollution include by external contact, inhalation, and most often ingestion of food and
incidental seawater. Seabirds are often considered marine ecosystem bioindicators due to
their high trophic position, relatively long lifespan, and wide geographic ranges. We
examined the concentration of total mercury (THg), lead (Pb), and cadmium (Cd), in the
kidney, liver, breast muscle, and feathers of seven species of juvenile and adult seabirds
commonly found in South Florida: brown pelican Pelecanus occidentalis (n=16),
northern gannet Morus bassanus (n=16), double-crested cormorant Phalacrocorax
auritus (n=15), royal tern Thalasseus maximus (n=15), herring gull Larus argentatus
(n=9), laughing gull Leucophaeus atricilla (n=15), and osprey Pandion halietus (n=15).
Trace amounts of lead and cadmium were found in the subsample of birds tested,
suggesting that the birds living in south Florida do not face a significant threat from those
metals. Results of total mercury in 101 specimens ranged from 0 to 45.07 mg/kg (dry wt),
0.15 to 132.13 mg/kg (wet wt), 0.06 to 352.35 mg/kg (wet wt), and 0.06 to 23.43 mg/kg
(wet wt) in feathers, liver, kidney, and breast muscle respectively. Individual birds found
to have the highest levels of total mercury were collected from centers in Monroe
County. Osprey showed the highest total mercury values overall. These findings suggest
a potential link to the Everglades and runoff into the Florida Bay, thus possibly exposing
birds who utilize the Florida Bay at a higher risk for mercury poisoning.

Keywords: Metals; mercury; cadmium; lead; seabirds; bioindicators; methylmercury;
South Florida
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Introduction:

Seabirds are simply those bird species that have adapted to life within the marine
environment (Schreiber and Burger 2001). Using this broad definition, seabirds include
about 350 species comprised of six orders: the Spenisciformes (penguins),
Phaethontiformes (tropicbirds), Procellariiformes (albatrosses, shearwaters, petrels,
diving petrels, storm-petrels), Suliformes (gannets, boobies, frigatebirds, and
cormorants), Pelecaniformes (pelicans), and Charadriiformes (gulls, terns, skuas,
skimmers, and auks). Although osprey may not be not seabirds by the Schreiber and
Burger (2001) definition, they were included in this study (and thus considered as
seabirds herein) due to their many attributes that make them ideal candidates for
environmental contaminant studies. Not only do osprey represent a high trophic level, but
they have a piscivorous diet, are a constant and visible presence in the South Florida
(defined herein as Palm Beach, Broward, Miami-Dade, and Monroe Counties) marine
ecosystem, and have nearly worldwide distribution (Grove et al. 2009).
Seabirds occupy several trophic levels and have acquired numerous adaptations to
survive off of oceanic resources, including plunge diving strategies and the ability to
cover large areas to find prey (Burger and Gochfeld 2004, Honda et al. 1990). Seabirds
can be categorized as inshore, offshore, and pelagic feeders, but tend to cross over these
barriers – especially in narrow shelf environments, such as South Florida – to feed on
whatever prey is readily available, lending to the colloquial label of “opportunistic.” The
term opportunistic is used broadly, as the foraging techniques afforded to seabirds (dive
depth, bill shape, etc.) do allow for some specialization. Regardless of foraging strategy,
seabirds are able to digest their food quickly out of necessity to remain well-nourished
and healthy through harsh weather or long migratory periods (Proctor and Lynch 1998).
The wide biological diversity and feeding niches allow seabirds to be successful in the
marine environment.
However, seabirds still face many threats. A global assessment on the
conservation status and threats of 346 seabird species found that seabirds are more
threatened than all other comparable groups of birds. Threats include human disturbance,
habitat loss, overfishing, hunting and trapping, and pollution (Croxall et al. 2012). A
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summary of the threats can be found in Figure 1. The health of seabird populations is
important because it can provide a window into the health of the marine environment.
When environmental stressors begin negatively impacting seabird populations, these
impacts can be far reaching. Pollution in the marine environment includes oil spills, and
plastics (plastic bags, balloons, disposables, lighters, and more), as well as chemicals
such as pesticides and petroleum, or metals from a variety of sources (Burger and
Gochfeld 2001). As more people continue to move into coastal areas, the pressures from
habitat loss, along with pollution will continue to grow and consequently negatively
impact wildlife. Thus, it is important to understand how these factors influence wildlife
so that conservation efforts can be directed to reduce harmful effects on the environment
and those living there. In particular, vectors of exposure to metal pollution include
external contact, inhalation, and most often ingestion of food and incidental seawater.
Goede and Bruin (1986) also reported that uptake of metals into the feathers can occur
through preening (Figure 2).
Seabirds are not equally vulnerable to contaminants as they have varying diets
along with different mechanisms for ridding their system of xenobiotics (foreign
chemical substances). Braune (1987) compared total mercury concentrations of nine
species of marine birds and found that molting strategy (synchronous versus
asynchronous) along with diet impacted total mercury concentrations in the feathers and
tissues of the birds tested. Birds that had a synchronous molting strategy had more even
distributions of total mercury throughout their feathers. Additionally, seabirds that
consumed more fish and benthic invertebrates tended to have higher levels of total
mercury in their tissues. Along with differences in vulnerability to pollution, Croxall et
al. (2012) found that pelagic seabirds are the most threatened seabirds likely due to their
smaller clutch sizes in comparison to coastal seabirds that reduces their ability to recover
from human-induced impacts. Burger and Gochfeld (2001) suggested that if high levels
of metals are found in seabird samples, an extensive study into each species’ life cycle,
migration routes, prey base, foraging range, and habitat utilization are important to
pinpoint pollution sources.
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Figure 1: Threats to threatened (a) seabirds; (b) pelagic seabirds; (c) coastal seabirds
(Croxall et al. 2012).
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Figure 2: Three methods in which feathers are exposed to environmental contaminants
(Goede and De Bruin 1986).
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Avian Anatomy

The avian liver is proportionally larger than that of mammals and is bigger in
piscivorous and insectivorus birds than it is in granivores and carnivores. The liver’s
function is to store fat and carbohydrates, synthesize proteins, and filter and neutralize
metabolic waste products in the bloodstream. If the liver is overloaded with toxins, the
unprocessed toxins may return to the bloodstream and be stored in fat. Birds have a three
lobed kidney that excretes dilute urate waste products which save the necessity of large
amounts of water to flush the body of waste (Proctor and Lynch 1998).
Pectoral muscle tissue in most birds accounts for almost one-third of the total
body mass, and represents a tremendously important adaptation to sustain flight or to
swim (Proctor and Lynch 1998). High metal concentrations, especially in emaciated
birds, could possibly be a link to the deterioration of the health of the individual. Often,
emaciation is a secondary confliction due to other underlying reasons such as injury or
disease.
Although muscle health is extremely important, birds also rely heavily on
maintaining their feathers for warmth, flight, swimming, camouflage, attracting mates,
and more. While feathers play many roles in the daily survival of birds, one particularly
important purpose is to detoxify their bodies of environmental contaminants. Between 60
- 90% of the total body burden of methylmercury in birds is found in feathers, indicating
that molting acts as a major excretory pathway for mercury (Honda et al. 1986,
Scheuhammer 1991). Feathers are composed of the protein, keratin, that readily binds
with metals, thereby acting as a chelator (Burger and Gochfeld 2002). On average,
seabird feathers can take between 3-4 weeks to form so the metal concentrations are
representative of metal levels in the blood at the time of formation (Burger and Gochfeld
2002, Bearhop et al. 2000). Furness and Camphuysen (1997) noted that some metals can
be atmospherically deposited onto feathers, except for methylmercury which only occurs
from dietary uptake. Because feathers are a biologically inert tissue, the metal
concentrations will not fluctuate after the feather is fully formed. This allows for century
old museum specimen feathers to be used for metal analysis given preservation methods
did not contaminate the specimen (Vo et al. 2010).
5

Species of Interest

Double-crested cormorant, Phalacrocorax auratus (Lesson, 1831)

Double-crested cormorants are found only in North America and have two
populations in Florida, one each on the Gulf and Atlantic coasts. The sub-species in
Florida is known as P. a. floridanus, and is thought to have between 8,000 (Wires 2014)
and 12,000 breeding pairs (Hatch 1995). They are both known to be common residents
and fall-winter visitors along both coasts and inland (Forrester and Spalding 2003). P.
auritus diets consist almost entirely of fish, and they forage from 1 m to 20 m depths
(Enstipp et al. 2001). Cormorants use both swimming for hunting and plunge-diving, a
specialized hunting tactic used by some avian predators both to overcome the high
buoyancy encountered near the water surface and to surprise sub-surface prey (RopertCoudert et al. 2009). One unique characteristic of cormorants in comparison with other
seabirds is their wettable plumage coupled with an inner waterproof layer. This allows
them to have decreased buoyancy to reach their deep diving depths and stay insulated
enough to withstand harsh temperatures (Wires 2014).
Like many other bird species, P. auritus suffered from the usage of the pesticide
dichlorodiphenyltrichloroethane (DDT), which caused egg shell thinning and mortality in
the 1970s, but the species has since recovered from population declines (Hatch 1995,
Gress et al. 1973). A report by the U.S. Fish and Wildlife Service (USFWS) reviewing
the status of double-crested cormorants in North America also mentioned the population
increased in the 1980s largely because of both the ban on DDT and the protection
afforded through the Migratory Bird Treaty Act (1972). One threat that remains to the
cormorant is the perception that they negatively impact (predate) fish held in exposed
ponds in the aquaculture industry, as well as fish stocks in the Great Lakes (Wires 2014).
Depredation orders, which allows for the take of a specific species of bird for specific
reasons, have been put in place by the USFWS, including within the agency’s latest
assessment from 2014. The IUCN lists double-crested cormorants as a species of Least
Concern (Birdlife International 2016c).
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Brown pelican, Pelecanus occidentalis (Linnaeus, 1766)

Brown pelicans are both year-round residents (Forrester and Spalding 2003) and
seasonal migrants in Florida, and individuals are typically found relatively near shore.
Brown pelicans feed primarily through plunge diving from heights of up to 20 m and go
down to depths of around 1 m (Clapp et al. 1982, Ogden et al. 2014). Common prey
items for brown pelicans include menhaden (Brevoortia spp.), threadfin and other herring
(Opisthonema spp.), mullet (Mugil spp.), drum (Sciaenidae), and pinfish (Lagodon
rhomboides) (Ogden et al. 2014). As with many seabirds, brown pelicans are also
scavengers, occasionally becoming ensnared by fishing gear or swallowing discarded
monofilament line. A review by Schreiber and Mock (1988) found the leading cause of
mortality in brown pelicans to be from shooting and entanglement in fishing gear.
While brown pelicans still face threats today, the 1960s through the 1980s saw
drastic population declines. Rudd (1970) reported that a breeding colony of 552 pairs of
brown pelicans on Anacapa Island, California produced only one surviving young, and
noted that the eggshells of the colony as a whole were soft and rubbery, resembling
reptilian eggs. Additionally, the brown pelican population in Louisiana was effectively
extirpated, although an extensive restocking effort subsequently took place, using
individuals taken from stable populations in Florida (Nesbitt et al. 1978). Such studies
prompted extensive subsequent research on environmental contaminants. The brown
pelican was listed by the USFWS as an endangered species from 1970 to 1985, due in
large part to the egg shell thinning resulting from DDT use (Kushlan and Frohring 1985).
Luckily, many populations were able to recover after the use of DDT was banned, and
brown pelicans from Florida were actually used to help reestablish populations in other
locations that were experiencing significant declines (Schreiber 1980). Brown pelicans in
southern Florida did not experience these severe population declines and has had a stable
population since the 1960s (Ogden et al. 2014, Schreiber 1980). The Florida Fish and
Wildlife Conservation Commission (FWC) lists brown pelicans as a state species of
special concern and is listed as Least Concern by the IUCN (Birdlife International
2016b).
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Northern gannet, Morus bassanus (Linnaeus, 1758)

Northern gannets are migrants to Florida during the winter season, typically
between the months of October to April. Gannets feed using the plunge diving technique
from heights as great as 27 m. Upon entering the water, the gannets (like other birds who
use this technique) propel themselves using their wings and feet to reach deeper depths
(Clapp et al. 1982). A detailed study looking at the feeding tactics of northern gannets
found that most dives were relatively shallow, with about 10% of the dives occurring in
depths greater than 10 m with an average depth of 5.2 m and a maximum depth of 22.0 m
(Garthe et al. 2000). The species range between 200-300 miles offshore for breeding
birds and farther for nonbreeding birds. The IUCN also lists northern gannets as a species
of Least Concern (Birdlife International 2016d).

Royal tern, Thalasseus maximus (Boddaert, 1783)

Royal terns are commonly found in Florida year-round. Clapp et al. (1983) noted
that royal terns eat almost entirely all fish with a wide variety in species, while McGinnis
and Emslie (2001) similarly reported that the royal tern diet consisted of 9% anchovies,
30% combined herring, jacks, and mackerel, and 41% combined drum, porgies, and
mullet. Royal terns also use the plunge diving technique to obtain prey, although they
tend to be inshore feeders that do not dive more than 1 m for prey (Buckley and Buckley
1972). Their habitat is generally coastal waters around terrestrial areas that include
dredged material, barrier, and natural islands in estuaries and bays (Emslie et al. 2008). In
North Carolina, (McGinnis and Emslie 2001) looking at both royal tern and sandwich
terns found that they have a tendency to partition their food resources when prey is
limiting. Additionally, due to their relative sensitivity to environmental changes, they
make ideal biomonitors for fish stocks and water pollution (McGinnis and Emslie 2001).
The IUCN lists royal terns as a species of Least Concern with a stable population
(Birdlife International 2016e).
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Herring gull, Larus argentatus (Coues, 1862)

Herring gulls are found during wintering months along the Atlantic coast,
including southeast Florida and the Florida Keys (Clapp et al. 1983). Herring gulls are
found to consume higher percentages of animal prey in their diets compared with many
carnivorous mammals (foxes, coyotes, and bears) and have even been found to scavenge
on other seabirds (Pierotti and Annett 1991). While their diet is primarily marine fishes
and invertebrates, they also forage at garbage dumps and sewage outfalls (Burgess et al.
2013, Pierotti and Annet 1991). The IUCN lists herring gulls as a species of Least
Concern (Birdlife International 2016g).

Laughing gull, Leucophaeus atricilla (Linnaeus, 1758)

The laughing gull is common to abundant along the Florida Atlantic coast and
Florida Keys, as well as the Florida Gulf coast (Clapp et al. 1983). Laughing gulls have
been found to feed in natural sites as well as sewage outfalls (Burger and Gochfeld 1983).
Additionally, some gull species are considered kleptoparasites, meaning they depredate
resources from other seabirds. Schnell et al. (1983) alluded that laughing gulls may be
more likely to depredate successful foragers at higher frequencies as they targeted adult
pelicans more frequently than juveniles likely due to their advanced fishing skills
(Schnell et al. 1983). The IUCN lists laughing gulls as a species of Least Concern
(Birdlife International 2016f).

Osprey, Pandion haliaetus (Linnaeus, 1758)

Osprey belong to the order Accipitriformes, birds of prey, and thus are rarely
included in lists of “seabird” species. The osprey has an almost cosmopolitan distribution
in temperate, subtropical, and tropical aquatic areas, likely due to its ability to adapt to a
wide variety of food sources (Glass and Watts 2008, Grove et al. 2009). However, osprey
are almost exclusively piscivorous, preferring species such as sunfish (Lepomis spp.) in
freshwater areas, and red drum (Sciaenops ocellatus), jacks (Caranx spp.), and mullet
9

(Mugil spp.) when found near marine environments. Though many osprey populations
are migratory, most ospreys found in the Florida Bay are residents (Lounsbury-Billie et
al. 2008).
The Florida Bay estuary has shown a decrease in nesting pairs of osprey from 200
pairs during the late 1960s and early 1970s (Ogden 1977) to about 60 nesting pairs in
more recent years (Ogden et al. 2014, Ogden 1977). One such study suggested using
osprey fledglings as bioindicators, as they represent a more accurate window for local
geographic contaminant levels (Lounsbury-Billie et al. 2008). Osprey, like many other
bird species at higher trophic levels, were significantly impacted by the use of DDT, but
were able to recover after the subsequent ban (Bai et al. 2009). Although the osprey is a
State Species of Special Concern in Monroe County by Florida’s Endangered and
Threatened Species Act (Rules 68A-27), the IUCN lists the osprey as a species of Least
Concern (Birdlife International 2016a).

Metals of Concern:

Mercury is a highly toxic, non-essential heavy metal that is introduced into the
atmosphere by both natural and anthropogenic sources (Shore et al. 2011, Schreiber and
Burger 2001, Monteiro and Furness 1995). In Florida, there are some local sources of
mercury, including municipal solid waste combustion facilities, medical waste
incinerators, and utility industries through combustion of fossil fuels. On smaller scales,
other anthropogenic sources include the burning of sugarcane, open burning of trash and
other waste, and sewage disposal (Sundlof et al. 1994). Since mercury circulates
throughout the atmosphere and also comes from natural sources such as volcanic
eruptions and forest fires, distinguishing whether mercury is sourced locally can be
challenging.
The Everglades are a geographically central wetlands ecosystem to the Florida
peninsula, and the Everglades National Park protects 1.5 million acres of this ecosystem,
which includes mangroves, marshlands, and longleaf pine and cypress woods. The
Everglades serves as a sink for atmospheric deposition of mercury (Cleckner et al. 1999).
However, the atmospheric mercury is then entrained into the soils where it undergoes
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methylation by anaerobic bacteria (Morel et al. 1998, Hammerschmidt 2007). The
toxicological effects of mercury are dependent upon the chemical form or species of
mercury that is present; methylated species (methylmercury or dimethylmercury) are the
most toxic (Ullrich et al. 2001, Renedo et al. 2017). Once methylated, mercury can flow
both eastward from the Everglades and southward towards the Florida Bay through the
food web via the U.S. Army Corps of Engineers’ drainage canal system, thereby reaching
all types of wildlife within the associated ecosystem. Sundlof et al. (1994) found that
birds collected from an area encompassing the central Everglades and eastern Florida Bay
had significantly higher concentrations of hepatic mercury than birds that were collected
from other areas in the state of Florida. This finding suggests a potential link to mercury
contamination in both the Everglades and areas into which the Everglades empties.
Total mercury concentrations are thought to be equivalent to methylated mercury
(Thompson et al. 1998). Bird tissues can have both inorganic and organic mercury; Kim
et al. (1996) found approximate concentrations of methylmercury to be 35%, 36%, and
66% in bird liver, kidney, and muscle, respectively. Concentrations of methylmercury in
the liver and kidney between 20 and 30 µg/g (wet wt) are associated with morbidity and
mortality effects in terrestrial bird species (Scheuhammer 1991, Sundlof et al. 1994,
Cairns 2002). Scheuhammer (1991) also suggested that birds with overt neurological
symptoms typically had a hepatic and renal concentration of at least 50 µg/g (wet wt) or
higher. Total mercury concentrations of 5 µg/g (dry wt) in feathers are similarly
associated with sub-lethal (morbid) systemic and reproductive problems. Scheuhammer
(1991) found that raptorial birds had a normal background range of 1-5 µg/g (dry wt) in
non-contaminated environments. As many metals, including mercury, are ubiquitous in
the environment, it would be expected that wildlife will have a certain underlying level of
exposure to metals no matter where they forage. If the osprey that were tested are found
to have levels above the ranges reported by Scheuhammer, that may suggest they are
utilizing a contaminated area.
Selenium (Se) is both an essential and toxic element that has been reported to
have an antagonistic relationship with mercury, serving as a possible detoxification
mechanism for MeHg in seabirds and marine mammals (Yang et al. 2008). The
relationship between selenium and mercury was first reported by Parizek and Ostadalova
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(1967), and many studies continue to demonstrate the detoxifying nature of selenium on
methylmercury. In particular, Ikemoto et al. (2004) explained that selenium detoxifies
inorganic mercury by forming complexes containing the two elements at an equimolar
ratio; in this process, the Se-Hg complex thus becomes an inert end product to the
detoxication process and can accumulate in the liver. However, equal amounts of
selenium and mercury are needed for the detoxifying mechanism to take place.
Cadmium (Cd) is a non-essential metal that comes from a variety of
anthropogenic sources, such as the disposal of batteries and paints, as well as natural
sources such as volcanoes, ocean spray, and forest fires (Burger and Gochfeld 2002).
Cadmium can cause sub-lethal and lethal effects at lower concentrations than mercury or
lead in wildlife (Eisler 1985). Additionally, cadmium levels are usually relatively high in
seabirds, due to the natural occurrence of cadmium in the oceanic environment and high
cadmium content of common prey items (Bull et al. 1997). Seabirds are equipped to
handle higher loads of cadmium due to the frequent exposure via their diets, as many
seabirds with high cadmium concentrations often show no outward negative impacts
(Summers et al. 2014). Due to the reported prevalence of cadmium in marine birds, we
chose to include the assessment of cadmium for the South Florida seabird population.
Finally, lead (Pb) is a highly toxic heavy metal that acts as a non-specific poison
affecting all body systems, and it has no known biological requirement. Lead comes from
a wide range of anthropogenic sources, such as mining, spent ammunition, and lost or
discarded fishing weights (Franson and Pain 2011). No “natural” environmental
concentrations of lead exist because lead resulting from anthropogenic emissions is
ubiquitous (Pattee and Pain 2003, Franson and Pain 2011). If high levels of lead are
found in the tissues of birds, that would be indicative of an acute exposure (an abrupt
onset) versus a chronic exposure (over long periods of time) to lead (Franson and Pain
2011). For example, a black vulture at the South Florida Wildlife Center was treated for
lead toxicosis from ingesting lead-based BB pellets (Dr. Amanda Grant, personal
communication). The black vulture experienced an acute exposure rather than chronic
exposure to lead over time.
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Materials and Methods

Sample Collection

Specimens were collected from four wildlife rehabilitation centers (Figure 3)
located throughout the South Florida: South Florida Wildlife Center (Fort Lauderdale),
Pelican Harbor Seabird Station (North Miami), Florida Keys Wild Bird Rehabilitation
Center (Tavernier), and Key West Wildlife Center (Key West). The Principal Investigator
(PI) of the project (D. Kerstetter) communicated regularly with each facility to determine
the availability of specimens and arranged times for pick up as needed. All specimens
were collected in accordance with Florida Fish and Wildlife Conservation Commission
permit LSSC-12-00075 and U.S. Fish and Wildlife Service permit MB82910A-0. There
was no Institutional Animal Care and Use Committee (IACUC) authorization necessary,
as all specimens were collected already deceased.
After carcass collection from the respective centers, they were transported frozen
in coolers to the Nova Southeastern University’s Oceanographic Center campus in Dania
Beach, Florida. Each specimen was identified to species, and given a unique
alphanumeric identifier code, which was put on their Tyvek or aluminum tag attached to
their leg prior to storage at -20°C or lower. The wildlife centers would provide a patient
ID number that can be referenced back to their databases for additional patient
information. The patient ID number collection began later in the sampling process so that
only a small portion of the birds collected for this study have patient IDs. Additionally, a
data sheet (see Appendix) was created per specimen to note species, from which center
they arrived, the date of death or collection, age class, and other specimen-specific
information. Gender was assessed and recorded where
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Figure 3: This figure shows the four wildlife rehabilitation centers where samples were
collected. The South Florida Wildlife Center is located in Fort Lauderdale, the Pelican
Harbor Seabird Station is located in Miami, the Florida Keys Wild Bird Center is located
in Tavernier, and the Key West Wildlife Center is located in (appropriately) Key West.
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Table 1. ID codes for the proposed species complex and location numeric for host specimen
samples collected at each location.
Species and Locations

Species ID Codes and Location Numbers

Brown Pelican (Pelecanus occidentalis)

BRPE

Northern Gannet (Morus bassanus)

NOGA

Double-crested Cormorant (Phalacrocorax auritus)

DCCO

Royal Tern (Thalasseus maximus)

RLTE

Laughing Gull (Leucophaeus atricilla)

LAGU

Herring Gull (Larus argentatus)

HEGU

Osprey (Pandion haliaetus)

OSPY

South Florida Wildlife Center (SWFC)

1000

Pelican Harbor Seabird Station (PHSS)

2000

Florida Keys Wild Bird Center (FKWBC)

3000

Key West Wildlife Center (KWWC)

4000
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possible to identify; however, because some birds were young or not in breeding season,
gender was not determined for all specimens. A list of species-specific codes and
numbers for the centers is included in Table 1.

Laboratory Processing

All specimens were stored at -20°C or lower until dissections were performed.
Prior to processing, specimens were left in a standard refrigerator (ca. 2°C) to thaw
between 1-3 days depending on species and body size. After thawing, a series of
morphometric measurements were taken and recorded on the individual’s datasheet
created at the time of collection. The measurements included wing span (mm), length of
bill (mm), weight (g), and tarsus length (mm). Weight of the whole specimen was
determined using a hanging scale in kilograms that was converted to grams for
comparative purposes after the specimen had thoroughly thawed.
Up to 10 recent growth feathers were collected from contour (visible) areas
closest to the inner wing and body. It was important to keep the sample site consistent for
feather pulls to account for the varying molting periods (Monteiro and Furness 1995).
The known molting patterns were analyzed by Bridge (2006) for over 300 species of
seabirds. A summary of his findings pertaining to the species in our study is included in
Table 6. The feathers were stored in polyethylene bags before being shipped to UNF for
chemical analysis. At least 2-5 g each of muscle, liver, and kidney tissues was removed
via dissections and packaged in aluminum foil and externally labeled. The subsamples
were sent to the University of North Florida (UNF) for total mercury analysis using a
Milestone DMA-80.
Additional sub-samples were pulled for analysis of lead and cadmium using
atomic flame absorption spectrophotometry (AA). Approximately 0.1 – 0.2 g each of
muscle, liver, and kidney tissues was placed in small glass vials and externally labeled.
The subsamples were digested in 5 mL of nitric acid solution, and diluted with deionized
water to 50 mL according to EPA Method 7000B (USEPA 2007). Quality control
procedures included analysis of laboratory method blanks, duplicate or triplicate tissue
samples, and certified reference material (CRMs): DORM-4 fish protein, DOLT-5
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dogfish liver, and/or TORT-3 lobster hepatopancreas (National Research Council
Canada, Institute for National Measurement Standards, Ottawa, ON, Canada) for each
group of eight samples analyzed. Certified reference material (CRM) served as a way to
measure the accuracy of our instrumentation as the CRM has a known value of the metal
of interest that can be tracked throughout the sample run. The CRMs were chosen based
on similar studies using the same methodology. Every 16 samples were considered a set,
after which the AA was checked for proper calibration using the CRM. In addition to the
CRMs, a continuing calibration protocol was done to ensure the instrument maintained
the same readings throughout the runs by selecting one metal standard and rerunning it
throughout each set. All standards used to create the calibration curve were mixed prior
to analysis. Although data were expected to be collected on selenium, due to mechanical
issues with the hydride vapor generator (HVG) component of the AA, these data were
unable to be obtained.
The University of North Florida kept samples frozen at -80°C until analysis.
Samples were analyzed for total mercury content via atomic fluorescence
spectrophotometry (Arcos et al. 2002). Total mercury (THg) was measured in g/g dry
weight (d.w.) in samples using thermal decomposition (combustion), amalgamation, and
atomic absorption spectrometry according to EPA Method 7473 (Muirhead and Furness
1988). Samples were weighed and dried at 60ºC for 48 – 60 hours (or until there was no
further change in sample weight). Once tissue was dried, it was re-weighed and crushed
using a mortal and pestle. The THg analysis was completed with a calibrated DMA-80
Direct Mercury Analyzer (Milestone Inc., Shelton, Connecticut) according to protocols
established by Nam et al. (2011b) here approximately 0.05 g of sample was analyzed by
the DMA-80. The THg values were converted from dry weight (d.w.) to wet weight
(w.w.) to aid in comparisons with literature published data. The values were expressed as
means ± standard deviation (SD) in mg/kg w.w. Quality control procedures included
analysis of laboratory method blanks, duplicate or triplicate tissue samples, and certified
reference material for each group of 10 samples analyzed. In addition, a duplicate matrix
spike was completed during the analytical run.
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Conversion Algorithm
% Moisture = 100 - (Dry Weight/Wet Weight) x 100
THg (ppm dry weight) * dry weight/wet weight = THg (ppm wet weight)

Statistical Analyses

The data were analyzed using principal component analysis (PCA) to determine if
the weight of the birds showed any correlation to the THg concentration within the
samples. Typically, a value in the 90 percentiles is expected to give a strong indication
that the component was important to the dataset. A PCA biplot along with a scree plot
was used to display the data. A pairplot was also run to determine if there were
correlations between the tissue types and THg concentrations.
All statistics were run using R-Studio (R Core Team 2016). Additionally, plots
were created in Microsoft Excel (Microsoft Corporation) to compare the concentrations
of methylmercury in adult versus juvenile birds, as well as show the average
concentrations of methylmercury among locations. Microsoft Excel was also used to run
correlation analyses between species and between tissue types.

Results
Cadmium and Lead Concentrations
The subsample of all seven species of seabirds tested for cadmium and lead
showed either trace amounts (less than 0.40 mg/kg) or were in the background ranges of
the instrument (Table 5). Lead is typically found in high concentrations after acute
exposures, so it is likely that our samples did not experience any acute exposure to lead.
Both cadmium and lead tend to be highest in the bone when there is a long-term
exposure, which may be another component to add in the future.
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Total Mercury Concentrations
A total of 101 birds comprising seven species were examined for total mercury
(THg) concentrations in four tissue types: muscle, kidney, liver and feather. Table 4
summarizes the results.
On average, the THg concentrations were found to be highest in the liver followed
by the kidney, muscle, and feathers (Figure 3). This pattern is in agreement with other
similar studies found in the literature (Honda et al. 1990). The values for the boxplot
were cutoff at 30 mg/kg in order to better display the patterns observed between the
tissue types and standardize presentation of the data. Samples with concentrations above
30 mg/kg represented about 6.5% of the tissues tested and were not considered to be
outliers. Thus, we deemed values above 30 mg/kg wet wt. as being representative of birds
that were “sick.” This is based on the literature value of 30 mg/kg being associated with
morbidity effects, where 50 mg/kg wet wt. in the liver, kidney, or muscle was associated
with overt neurological signs. According to Whitney and Cristol (2017), mercury had
negative impacts on virtually all aspects of avian physiology, even at low (<5 mg/kg)
concentrations. The 5 mg/kg value was chosen based on the average prey item
concentrations in the wild (Whitney and Cristol 2017). Thus, while 30 mg/kg on average
is considered high, this does not necessarily mean that birds with levels lower than 30
mg/kg were not experiencing any ill effects from the mercury exposure. The review paper
on sublethal mercury exposure on birds was able to find good agreement in the literature
on negative impacts to reproductive output, decreases to the immune response, and the
avoidance of high energy behaviors (Whitney and Cristol 2017).
The Principal Component Analysis (PCA) displayed the first three principal
components which made up 87% of the variance in the data (Figure 6). Even though 87%
was on the low side the first three PC’s were used in the analysis. The PCA indicated a
negative correlation between the tissues and the weight of the birds in relation to THg
concentration. Wet weight concentrations for liver, kidney, and muscle tissues were used
for comparison with literature values. The feathers were reported using dry weight values
as they are typically reported in the literature. When a PCA was conducted using all wet
weight values, no clear relationships existed among the tissue types, but when combined
19

use of both wet and dry weight values were used, it aided in differentiating the
relationship between bird mass and metal concentration. While we expect a 180 degree
angle as indication of relationships for PCA analyses, the weight of the birds in
comparison to the tissue types was around 90 degrees for muscle, liver, and kidney while
it was closer to 150 degrees for feathers. The PCA indicated a potential relationship
between the amount of THg found in the birds and body mass. A scree plot was also
created to display the PCA (Figure 7). Typically, there should be a large disparity
between the first and second bar in the scree plot. We do not see that in the scree plot,
which indicates there are not strong relationships between the tissue types and weight of
the birds.
On average, birds that were sampled from Monroe County had higher values of
THg compared to birds sampled from Broward/Miami-Dade County (Figure 8). This
finding is in agreement with a similar study done on ospreys in Florida (Rumbold et al.
2017). It is important to note that the osprey in our study were found to have the highest
values of THg of all seven seabird species. However, because most of the osprey were
collected from Monroe County, the results may be skewed to show higher averages in
Monroe County. To ensure that this was not the case, we removed the osprey, and reran
the averages. Monroe county still has higher THg concentrations than Broward/MiamiDade County. Additionally, the THg concentrations were higher on average in adult birds
than juvenile birds (Figure 9). Birds were identified as juveniles based on their plumage
and body size during intake or before conducting the dissections.
Overall, brown pelicans and double-crested cormorants were close to being
positively correlated with each other. Both brown pelicans and double-crested cormorants
have similar feeding strategies, using plunge diving and retrieving prey from about 1 m
depth. The herring gull and laughing gull were close to being negatively correlated with
each other which can possibly be explained by the migratory status of herring gulls
allowing for enough difference between their diets. Osprey showed no correlation with
all other species tested possibly because osprey were the only birds of prey tested. The
tissue types showed no specific correlations with one another, but there was a more
positive correlation between kidney and liver THg concentrations.
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Table 2. Correlations for all species combined between THg
and muscle, kidney, liver, and feather tissues.
Tissue
Kidney
Liver
Feather

Muscle
0.495181
0.777612
0.629205

Kidney
-0.864102
0.595511

Liver
--0.550631

Table 3. Correlation analysis between all species.
Species
HEGU
LAGU
NOGA
OSPY
DCCO
RLTE

BRPE
0.9150
0.1541
0.8910
0.1623
0.9857
0.3771

HEGU
--0.2554
0.8835
0.3349
0.9288
-0.0158

LAGU
--0.0152
-0.3380
0.1025
0.9618

NOGA
---0.5900
0.9548
0.2866

OSPY
----0.3258
-0.1414

DCCO
-----0.3494
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Table 4. Total Mercury (THg) concentrations reported in mg/kg wet weight (w.w.)
in liver, muscle, and kidney, and THg concentrations reported in mg/kg dry weight
(d.w.) in feathers of seven species marine associated birds from the South Florida.
Species
Herring Gull
Larus argentatus

Tissue
Muscle
Kidney
Liver
Feather

n
9
9
9
9

Mean
1.12
4.07
11.44
1.44

Range (min-max)
0.13 - 3.31
0.39 - 13.25
0.44 - 74.43
0.19 - 7.34

SD
1.27
4.50
23.86
2.35

Laughing Gull
Leucophaeus atricilla

Muscle
Kidney
Liver
Feather

15
15
15
15

0.45
0.55
1.12
3.86

0.07 - 1.26
0.06 - 1.17
0.15 - 7.13
0.40 - 25.0

0.29
0.30
1.71
6.05

Northern Gannet
Morus bassanus

Muscle
Kidney
Liver
Feather

16
16
16
16

0.96
2.52
3.39
2.00

0.18 - 2.29
0.48 - 6.00
0.93 - 8.43
0.15 - 5.85

0.50
1.65
2.07
1.58

Osprey
Pandion haliaetus

Muscle
Kidney
Liver
Feather

15
15
15
15

2.18
50.42
23.64
10.33

0.18 - 6.98
0.48 - 352.35
0.16 - 132.13
0.73 - 24.37

2.18
98.44
35.63
7.85

Brown Pelican
Pelecanus occidentalis

Muscle
Kidney
Liver
Feather

16
16
16
16

0.89
1.72
4.41
2.25

0.15 - 2.58
0.64 - 5.05
0.76 - 19.53
0.52 - 10.15

0.59
1.28
4.67
2.62

Muscle
Kidney
Liver
Feather

15
15
15
15

2.96
7.47
14.72
7.64

0.06 - 23.43
0.16 - 75.02
0.32 - 124.87
0.13 - 28.41

5.80
18.88
31.54
7.64

Muscle
Kidney
Liver
Feather

15
15
15
15

1.35
3.38
5.30
10.22

0.11 - 3.48
0.11 - 9.66
0.26 - 16.90
0 - 45.08

1.02
2.95
5.23
12.68

Double-Crested
Cormorant
Phalacrocorax auritus

Royal Tern
Thalasseus maximus
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Figure 4: A total of 101 birds were sampled and tested for total mercury (THg)
concentrations from the South Florida. brown pelican, Pelecanus occidentalis (16),
northern gannet Morus bassanus (16); double-crested cormorant Phalacrocorax auritus
(15); royal tern Thalasseus maximus (15), herring gull Larus argentatus (9), laughing gull
Leucophaeus atricilla (15), osprey Pandion haliaetus (15). This graph represents the
range of values for all species by tissue type. On average, liver > kidney > muscle >
feather. Note: Feather samples were in mg/kg d.w.
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Figure 5: The pairplot describes relationships between tissue types for total mercury
(THg) from seven species of seabirds collected from South Florida and displays a semi
positive relationship between kidney and liver THg values.
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Figure 6: The principal component analysis (PCA) biplot displays the first three
principal components making up 87% of the variance in the data. The PCA shows a
negative correlation between the tissues and the weight of the birds in relation to total
mercury (THg) concentration.
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Figure 7: The scree plot shows the relative importance of each principal component to
explain the overall variance in the data. The first three PCs explain about 87% of the
variance in the data.
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Average Total Mercury (mg/kg wet wt.)
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Figure 8: The bar graph shows the average total mercury (THg) concentrations for all
birds by tissue type and county. Blue represents Monroe county (Florida Keys Wild Bird
Center and Key West Wildlife Center) and red represents Broward/Miami-Dade County
(South Florida Wildlife Center and Pelican Harbor Seabird Station). Note: Feather
samples were in mg/kg d.w.
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Average Total Mercury (mg/kg wet wt.)
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Figure 9: The bar graph shows the average total mercury (THg) concentrations for all
birds by tissue type and age of the birds. Blue represents the adult birds, compared with
orange representing the juvenile birds. Note: Feathers were in mg/kg d.w.
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Table 5. Lead (Pb) and Cadmium (Cd) concentrations reported in mg/kg wet weight (w.w.)
in liver, muscle, kidney, and feathers of seven species of marine associated birds from the
South Florida.
Species

Tissue

Pb (ppm)

Cd (ppm)

Herring Gull
Larus argentatus

Muscle
Kidney
Liver
Feather

n
2
2
2
2

Mean
0.304
0.305
0.349
0.349

n
2
2
2
2

Laughing Gull
Leucophaeus atricilla

Muscle
Kidney
Liver
Feather

2
2
2
2

0.347
0.329
0.345
0.318

2
2
2
2

0.072
0.073
0.076
0.069

Northern Gannet
Morus bassanus

Muscle
Kidney
Liver
Feather

2
2
2
2

0.282
0.332
0.329
0.204

2
2
2
2

0.070
0.086
0.072
0.071

Osprey
Pandion haliaetus

Muscle
Kidney
Liver
Feather

2
2
2
2

0.276
0.276
0.302
0.318

2
2
2
2

0.065
0.073
0.071
0.065

Brown Pelican
Pelecanus occidentalis

Muscle
Kidney
Liver
Feather

2
2
2
2

0.329
0.352
0.358
0.318

2
2
2
2

0.076
0.078
0.076
0.079

Muscle
Kidney
Liver
Feather

2
2
2
2

0.329
0.316
0.327
0.311

2
2
2
2

0.075
0.086
0.087
0.074

Muscle
Kidney
Liver
Feather

2
2
2
2

0.135
0.173
0.137
0.110

2
2
2
2

0.064
0.102
0.076
0.062

Double-Crested Cormorant
Phalacrocorax auritus

Royal Tern
Thalasseus maximus

Mean
0.073
0.345
0.087
0.071
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Discussion

Raptors are expected to have higher levels of mercury in their tissues over
seabirds due to higher prevalence of methylmercury in freshwater environments, such as
the Florida Everglades, and their differing diets that lead them to more frequent exposure
(Ullrich et al. 2001). Ultimately, osprey were found to have the highest total mercury
(THg) values on average in both their kidney and liver out of all the species tested. The
double-crested cormorant was the second highest in both kidney and liver concentrations.
The double-crested cormorants that were found to have the elevated mercury values were
collected from the FKWBC. A study conducted by Sepulveda et al. (1998) looked at
mercury and selenium concentrations in double-crested cormorants in South Florida.
They used one of the same wildlife centers, the FKWBC, and found an average of 23.1
and 6 mg/kg in the liver and kidney respectively, compared with our averages of 14.72
and 7.47 mg/kg. These averages were relatively similar to this study, as it appeared they
also had wide ranges in the values for mercury between individuals. Additionally, they
found an antagonistic relationship between selenium and mercury. If selenium was able
to be analyzed, a similar result would be expected.
Relationships in metal concentrations among the tissue types were expected. If
liver had elevated mercury, it was expected to find that kidney would also have elevated
mercury levels. However, no clear relationships between the tissue types were found
(Figure 5). A weak correlation did exist between the liver and kidney tissues. An analysis
using only metal concentrations greater than 30 mg/kg (w.w.) did not demonstrate a
stronger relationship between tissues. If the same analyses was conducted for specimen
that showed elevated mercury levels, no clear relationships between tissue types were
discovered as well. However, typically if a bird had elevated liver values, they also had
elevated kidney values or vice versa. Wolfe et al. (1997) reported that liver
concentrations tended to be higher than kidney concentrations in the majority of wildlife
tested. Liver values were not always found to be higher than the kidney, which indicates
that sampling one tissue type would not make the rest of the values predictable.
In general, all the species tested had at least one or two individuals that had values
of THg above 15 mg/kg (w.w.) in their liver, kidney, or muscle tissue. There were 26
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individuals with feather concentrations above 5 mg/kg (d.w.), indicating that many of the
birds tested were exposed to methylmercury in their diets. Values in those ranges are
generally associated with morbidity or mortality effects. Symptoms of acute mercury
poisoning include reduced intake of food which can lead to weight loss, weakness,
difficulty flying, walking, and standing, as well as the inability to coordinate muscle
movements. Exposure to mercury over a long period of time has the potential to lead to
mortality due to chronic diseases (Wolfe 1997). With the effects of metals being poorly
understood, many of the birds that fell under the ranges reported in the literature may still
have been experiencing negative effects on smaller physiological scales.
Eight out of 15 ospreys had elevated levels of methylmercury in all tissues,
indicating that ospreys are potentially at the highest risk of mercury poisoning out of all
the species that we tested in South Florida. It is important to note that the majority of the
osprey that were collected for the study came from a single wildlife rehabilitation center
in the Florida Keys, the Florida Keys Wild Bird Center (FKWBC). Two out of the eight
birds with elevated methylmercury levels came from the South Florida Wildlife Center
(SFWC) but were on the lower end of the spectrum when compared with the samples
from FKWBC. Not only did osprey have the highest concentrations out of the seven
species tested, the values found in the osprey were much higher (2-4 times) when
compared with values in the other seabirds tested.
In an unpublished study being conducted by the SFWC, osprey from their center
were found to have high levels of THg but at lower concentrations than what was found
in osprey collected from the Florida Keys for this study (Dr. Renata Schneider, personal
communication). The two osprey tested for this study collected from the SFWC had
similar values to what the center reported (Dr. Renata Schneider, personal
communication). Their results were comparable to the results from this study which may
indicate regional differences in mercury contamination amongst the feeding locations.
Through the assessment of available data in the literature on prey items of three
piscivorous birds (bald eagle, wood stork, and great egret), Rumbold et al. (2008) found
that although some areas in the Everglades National Park appeared to have reduced levels
of methylmercury, there were other areas that had the same or elevated concentrations in
potential prey items. In a more recent study, Rumbold et al. (2017) found that Florida
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continues to have Hg hotspots in areas such as the Florida Bay compared to north-central
areas of Florida, providing support for the regional differences observed in the present
study.
Our findings that osprey coming from the Florida Bay had high levels of
methylmercury is in good agreement with other similar studies. Rumbold et al. (2017)
non-lethally tested the feathers of both adult and nestling osprey throughout peninsular
Florida and the Florida Keys, which were either plucked from nestlings or collected from
adults in areas surrounding the nests. Although their feathers were a mixture of feather
types (flight feathers, contour feathers), they had similar averages to the individuals that
we tested in our study. The 15 osprey we tested had methylmercury values of 10.33
mg/kg dry wt. on average compared with an average of 16.1 mg/kg dry wt. of their adult
osprey, the highest feather values coming from birds in the Florida Bay area (Rumbold et
al. 2017). Lounsbury-Billie et al. (2008) conducted a study on metal concentrations in
osprey in the Florida Bay as well, finding feather averages to be around 16.4 mg/kg d.w.
for all of the adult birds tested. Since we know osprey living in the Florida Bay are
residents, we can assume that the mercury in their tissues was directly from their
environment. Thus, other bird species utilizing the Florida Bay, including those that we
did not test in this study, could also face exposure to potentially lethal levels of
methylmercury over time.
Another study also determined that the highest levels of mercury were found in
birds being tested in the Florida Everglades and the Florida Bay. Sundlof et al. (1994)
looked at the livers of wading birds (Ciconiiformes) in southern Florida using birds that
were found already deceased, injured, or terminally ill, and all reported elevated levels of
hepatic mercury. Importantly, these hepatic mercury values were correlated with relative
body condition and geographic location. They concluded that although habitat loss and
changing hydroperiods can be attributable to declining wading bird populations, mercury
also has an impact on the population declines. Their study also found highest mercury
concentrations in the Florida Everglades and eastern Florida Bay which is in good
agreement with our findings. We did have two double-crested cormorants with elevated
liver and kidney values of mercury, which may be explained by their habitat usage, as
both birds sampled came from Monroe County.
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Feathers are often used as a non-invasive method to evaluate whether birds are
being exposed to methylmercury in their current environment. One study determined that
fish-eating birds had the highest feather-Hg levels of about 7 µg/g over omnivorous and
herbivorous waterfowl and suggested that birds with similar diets should display similar
mercury concentrations in their feathers (Doi et al. 1984). A ratio of ‘7:3:1’ for mercury
in feathers, liver, and muscle had historically been used to convert mercury
concentrations measured in one tissue to estimate the mercury concentrations in another
tissue. However, the validity of this ratio is limited as many factors will influence the
values, thereby making it difficult to have a standardized method to predict inter-tissue
relationships (Monteiro and Furness 1995). We also found that these mercury level ratios
did not fit our data. Royal terns had the highest concentrations with 8 out of 15
individuals tested displaying values above 5 mg/kg (d.w.). Ten out of 15 osprey
individuals with feather values above 5 mg/kg (d.w.), while 5 double-crested cormorants,
1 northern gannet, 1 herring gull, and 1 brown pelican also had elevated values in their
feathers. We expected to find high values of THg in the feathers due to their ability to act
as an effective detoxification mechanism (Burger and Gochfeld 2002). Typically, if a bird
had high mercury concentrations in one or more of their tissues, we also found elevated
mercury in their feathers. but the pattern was not always consistent. The lack of
relationship found among tissues lends support to test feathers in conjunction with other
tissues to better understand the true body burden of mercury birds are facing.
We found that the liver had the highest mercury concentrations, whereas some
literature suggests that feathers should contain the highest levels of methylmercury. There
may be a few reasons for this finding. Feathers that are regrown first are going to have
the highest levels of mercury overall (Monteiro and Furness 1995), so the understanding
of each species’ molting cycle would help to choose the right feather type for analysis.
Ideally, birds being used as biomonitors would have a synchronous molt cycle, such as in
penguins, to help avoid inconsistencies (Carravieri et al. 2014). However, many of the
bird species in our study have asynchronous molt cycles or step-wise molt cycles, making
it difficult to decipher which feathers would be ideal to study for each species (Table 6).
Additionally, some species of birds are better at demethylating mercury over others.
Wolfe et al. (1997) says that members of Procellariiformes are particularly good at this
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leading to a smaller overall percentage of mercury burden in the feathers. If similar
patterns exist for seabirds in general, this may help to explain why we did not find the
feathers to have the highest values overall. Braune (1987) looked at nine species of
seabirds and found a decrease in THg from the innermost to the outermost primary
feather in Bonaparte’s gulls, herring gulls, black-legged kittiwakes, and arctic terns.
Bridge (2007) reviewed wing molt strategies in seabirds, noting that these strategies are
made up of three variables: (1) pattern, (2) duration, and (3) timing. Like the larid
strategy mentioned above, most birds replace their primary feathers in a single molt series
from the innermost primary to the outermost primary and grow their feathers at a rate of
about 6 mm per day (Bridge 2007). In seabirds, these strategies tend to be more complex
because of how heavily they rely on their flight for capturing prey and tracking food
sources (Table 6). To help alleviate the discrepancy, we used body feathers instead of
flight feathers so that we would have a more even representation.
Wolfe et al. (1997) reports that mercury values in liver have a half life of about 60
days in seabirds. The shorter cycle of mercury in tissues also highlights the importance of
testing multiple tissues to evaluate metal toxicity. Additionally, the kidney is a major
reservoir for methylmercury potentially because of their renal portal system. Blood flows
directly to the terminal portion of the digestive tract to the kidney rather than the liver
like in mammals possibly making the kidney more vulnerable. Because feathers are a
route of excretion and not a target organ, we would not expect the feather values to have
the highest levels of mercury (Wolfe 1997).
Additionally, one term that is mentioned across the literature is “body burden” of
methylmercury. Much of the literature reports that a high amount of mercury is stored in
the feathers, but because we did not measure all of the feathers, we cannot estimate what
the total body burden is of our samples. In particular, as primary feathers are larger and
grown at certain times, they may hold the vast majority of the mercury which may be
why other studies expected to find the highest levels in feathers as a whole. It would be
difficult to discern where our birds were in their molt cycle in order to accurately decide
which primary feather to test, so instead we consistently tested body feathers.
Table 6. Seabird groups ranked according to wingspan measurements from Harrison
(1983) and del Hoyo et al. (1996).
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Group

Order

Molt Pattern

Pelicans

Pelecaniformes

Complex (stepwise
or multiple series)

Gulls

Charadriiformes Simple (descendent)

Cormorants Pelecaniformes
Terns

Complex (Stepwise)

Charadriiformes Complex (repeated
molt, stepwise, or
descendent)

Wing-molt
duration

Median
wingspan (cm)

Unknown,
probably
exceeds 1 year

274

3-4 months

124

5-10 months

105

6-9 months

78
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The total mercury concentrations in the muscles of our specimen were less than
what we found in the liver and kidney. One explanation as to why we were finding lower
levels of THg in the muscle could be because the muscle is mainly used as a storage
mechanism to offload excess mercury rather than as a target tissue. Kim et al. (1995)
found that demethylation of mercury can occur in the muscle, although this concept is not
well understood. A way to denote emaciation or starvation in birds is by assessing the
keel of the bird. A very prominent or protruding keel can indicate emaciation (prolonged
starvation) as the breast musculature should normally be well rounded. Wildlife
rehabilitators created a scale to measure the severity of emaciation ranging from 1 to 5.
Signs of starvation also include weakness and depression, slow healing of injuries, and
increased vulnerability to infection and disease (Poisson and Weiss 2016). This
measurement may be helpful in the future when assessing the health conditions of
specimen in relation to metal contamination.
In order to help understand why osprey had such high THg values, an analysis of
prey in specific locations is needed. There are well established populations of osprey
near Florida Bay, so if we assume that the osprey being brought into the Florida Keys
Wild Bird Center were residing close by, we can speculate that they largely utilized the
Florida Bay for food. Many osprey populations are migratory, but the colonies that reside
in the Florida Bay are residents, with population declines since the 1960s (LounsburyBillie et al. 2008, Rumbold et al. 2017). A study conducted in the Florida Bay tested
predatory and bait fishes for methylmercury concentrations. The highest mercury
concentrations were in the predatory fish, including spotted seatrout, red drum, and gray
snapper, all of which exceeded the no-consumption advisory levels (Evans and Crumley
2005). According to an advisory from the EPA in January 2001, Florida has an advisory
consumption level for mercury of 0.3 µg/g (ppm) fish tissue, wet weight. The other fish
tested, mojarra, bay anchovies, and rain water killifish, were found to have values that
exceeded 0.15 µg/g. Birds that are consuming enough of the small fish and some of the
larger more heavily contaminated fish could, therefore, be expected to accumulate
alarming levels of mercury in their tissues over time.
Unfortunately, specific prey could not be ascertained in these samples, but we do
know that many of the birds are high trophic level feeders. Based on what is known about
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the specific feeding ecology of the birds in our study, we can safely assume most of them
feed on a mixture of predatory fishes. Evans and Crumley (2005) also found that the
inner basins of the bay had more heavily contaminated fish than in the northern
transition, eastern, and central subdivisions (Figure 10). Without collecting our samples
directly from the site, we are unable to confirm whether the osprey or other specimens we
tested were utilizing the areas of the bay that are known to be more heavily contaminated.
The subsample of birds tested for lead (Pb) and cadmium (Cd) showed trace
amounts of exposure, often in the background noise of the instrument. As we know, lead
is ubiquitous in the environment and we expect there to be a certain background exposure
level around 0.2 mg/kg (Summers et al. 2014, Franson and Pain 2011, Pattee and Pain
2003). A study testing lead and cadmium concentrations in nine seabird species in
Marion Island, South Africa found that neither metal was a cause of concern in the
species tested (Summers et al. 2014). In general, we do not expect to see high levels of
lead in soft tissues unless the bird experienced an acute exposure from events such as
ingestion of lead from ammunition or lead-contaminated prey. Long-term (chronic)
exposures to lead or cadmium over time result in the highest levels of these contaminants
in the bone, followed by the kidney/liver, and lowest in the muscle (Franson and Pain
2011).
Unlike mercury, lead and cadmium exposure in feathers is typically from
atmospheric deposition rather than dietary means, and will only enter feathers in trace
amounts (Monteiro and Furness 1995, Franson and Pain 2011). Liver concentrations ≥6
mg/kg (w.w.) can generally be used as the marker in association with lead toxicosis. For
cadmium, kidney levels of 10 mg/kg (ppm) are associated with adverse effects. It has
been suggested that seabirds have an ability to deal with higher levels of cadmium over
terrestrial species but cadmium can cause effects at lower concentrations than that of
mercury or lead (Burger and Gochfeld 2002). The metal concentrations for all of the
birds tested were far below the levels reported in the literature that are associated with
negative effects. We can conclude based on our results that seabirds in South Florida are
not currently threatened by chronic lead or cadmium exposure.
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Figure 10: In a study conducted by Evans and Crumley (2005), they found that the inner
basins of the bay had fish with the highest values of mercury. This indicated a potential
link to runoff from the Everglades into that area of the bay.
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Conclusion

Overall, the seabird populations in South Florida do not appear to be threatened
by metal poisoning over a long period of time. However, because any amount of nonessential metals can have negative effects on smaller physiological scales, we cannot
assume that the seabirds in South Florida are not experiencing impacts from exposure.
Based on our results, osprey seem to be more frequently exposed to mercury in their
environment compared to the other birds tested, which may contribute to their population
declines (Lounsbury-Billie et al. 2008). Unfortunately, seabirds are difficult to study
through observation, so there is additional need to find innovative ways to learn more
about their unique behaviors and habitat utilization. To better understand
migratory/feeding patterns of the seabirds found in South Florida, the addition of stable
isotope analysis and/or tagging efforts would be a useful tool to aid in interpreting results.
Additionally, we would like to work with the wildlife centers on receiving a health
assessment prior to euthanasia or death to help understand whether the metal
concentrations could have contributed to mortality.
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